Amyloid-␤ precursor protein (APP), a type I membrane protein, is physiologically processed by ␣-or ␤-secretases that cleave APP N-terminal to the transmembrane region. Extracellular ␣-͞␤-cleavage of APP generates a large secreted N-terminal fragment, and a smaller cellular C-terminal fragment. Subsequent ␥-secretase cleavage in the transmembrane region of the C-terminal fragment induces secretion of small extracellular peptides, including A␤40 and A␤42, which are instrumental in the pathogenesis of Alzheimer's disease, and intracellular release of a cytoplasmic tail fragment. Although APP resembles a cell-surface receptor, no functionally active extracellular ligand for APP that might regulate its proteolytic processing has been described. We now show that F-spondin, a secreted signaling molecule implicated in neuronal development and repair, binds to the conserved central extracellular domain of APP and inhibits ␤-secretase cleavage of APP. Our data indicate that F-spondin may be an endogenous regulator of APP cleavage, and suggest that the extracellular domains of APP are potential drug targets for interfering with ␤-secretase cleavage.
Amyloid-␤ precursor protein (APP), a type I membrane protein, is physiologically processed by ␣-or ␤-secretases that cleave APP N-terminal to the transmembrane region. Extracellular ␣-͞␤-cleavage of APP generates a large secreted N-terminal fragment, and a smaller cellular C-terminal fragment. Subsequent ␥-secretase cleavage in the transmembrane region of the C-terminal fragment induces secretion of small extracellular peptides, including A␤40 and A␤42, which are instrumental in the pathogenesis of Alzheimer's disease, and intracellular release of a cytoplasmic tail fragment. Although APP resembles a cell-surface receptor, no functionally active extracellular ligand for APP that might regulate its proteolytic processing has been described. We now show that F-spondin, a secreted signaling molecule implicated in neuronal development and repair, binds to the conserved central extracellular domain of APP and inhibits ␤-secretase cleavage of APP. Our data indicate that F-spondin may be an endogenous regulator of APP cleavage, and suggest that the extracellular domains of APP are potential drug targets for interfering with ␤-secretase cleavage.
Alzheimer's disease ͉ ␣-secretase ͉ ␤-secretase ͉ ␥-secretase A myloid-␤ precursor protein (APP) is a ubiquitous type I membrane protein that resembles a cell-surface receptor and is physiologically processed by site-specific proteolysis (1) (2) (3) (4) . The initial extracellular cleavage of APP by ␣-or ␤-secretases releases a large fragment called APP S that contains most of the extracellular sequences of APP. After ␣-͞␤-cleavage, the Cterminal fragments (CTFs) of APP remain in the membrane. The CTFs are composed of a small extracellular stub with different N termini, depending on the initial ␣-͞␤-secretase cleavage sites, the transmembrane region, and the cytoplasmic tail of APP. CTFs are recognized by another protease called ␥-secretase, which cleaves the CTFs at multiple sites in the transmembrane region (5, 6) . ␥-Secretase cleavage results in the extracellular secretion of small peptides and the intracellular release of the cytoplasmic tail [APP intracellular domain (AICD)]. Once released, the AICD is thought to act as a transcriptional activator (7) and to perform other signaling roles (8 -14) . Different extracellular peptides are secreted after ␥-cleavage, depending on whether the CTF was initially produced by ␣-or ␤-secretase cleavage. Especially important here is ␤-secretase cleavage in the brain that induces secretion of A␤40 and A␤42, peptides that are the major components of amyloid-␤ fibrils in Alzheimer's disease (1) (2) (3) (4) . APP is closely related to two mammalian proteins called APP-like proteins 1 and 2 (APLP1 and 2) (15) (16) (17) (18) . APLPs are also cleaved by secretases similar to APP (19) (20) (21) (22) , but their cleavage products do not appear to have a pathological role. Individual APP and APLP knockout mice are viable and fertile, but double APP͞ APLP2 or APLP1͞APLP2 knockout mice do not survive postnatally (23, 24) , suggesting that APP and APLPs are functionally redundant.
The site-specific proteolysis of APP and putative transcriptional signaling by the cytoplasmic tail of APP resembles that of Notch, a cell-surface protein that functions as a liganddependent regulator of cell fate (25, 26) . These similarities suggested that cleavage of APP may also be regulated by ligands, but no functionally active ligands have been identified. Fspondin is a secreted neuronal protein that may be involved in regulating cell-cell interactions. Consistent with this notion, F-spondin is developmentally regulated, impairs binding of cells to the extracellular matrix, and is induced by neuronal injury (27) (28) (29) (30) (31) (32) (33) . We now report that F-spondin binds to the central APP domain (CAPPD), and inhibits the initial ␣-͞␤-cleavage of APP. Our findings suggest that an endogenous ligand for APP can regulate cleavage, and may indicate a strategy for developing drugs that inhibit APP cleavage by binding to the CAPPD.
Materials and Methods
Plasmids. Vectors encoding various parts of human APP 695 or F-spondin (American Type Culture Collection no. 2190694) were generated by subcloning the corresponding PCR fragments into pCMV-Ig9 (34), pGEX-KG, or pCMV5 (plasmid names with residue numbers from APP 695 : pCMVIg-APP.1 ϭ residues 1-678; pCMVIg-APP.2 ϭ 1-205; pGEX-CAPPD ϭ 286-557, pCMV-APP as described (7), pCMV-APP⌬1 ϭ deletion of residues 36-289 with insertion of Pro-Trp residues; pCMV-APP⌬2 ϭ deletion of residues 288-493 with insertion of ThrArg residues; pCMVIg-F spondin.1 ϭ residues 1-807 (fulllength); pCMVIg-F spondin.2 ϭ 1-501; pCMVIg-F spondin.3 ϭ 1-614, pCMVIg-F spondin.4 ϭ 1-754; pCMVIg-F spondin.5 ϭ 1-225; pCMVIg-F spondin.6 ϭ 1-442; pCMVIg-F spondin.7 ϭ 443-807. Full-length myc-tagged F-spondin was generated by subcloning NotI-ClaI PCR fragments into pcDNA4-His͞myc B. Vectors encoding human full-length Mindin [American Type Culture Collection no. 5183118 (35) ] were generated by subcloning EcoRI-SalI fragment to pCMVIg9 vector and EcoRIXhoI fragment to pcDNA4-His͞myc A vector.
The homogenate was centrifuged at low speed (800 ϫ g for 15 min) to remove debris, and the supernatant was centrifuged (100,000 ϫ g for 1 h) to yield a crude membrane pellet that was homogenized in buffer A (20 mM Hepes-NaOH, pH 7.4͞150 mM NaCl͞2 mM CaCl 2 ͞2 mM MgCl 2 with the standard protease inhibitor mix). Subsequently, an equal volume of buffer B (buffer A containing 2% Triton X-100) was added for extraction (3 h at 4°C), and insoluble material was removed by centrifugation (100,000 ϫ g for 1 h).
Affinity Chromatography on Immobilized GST-or Ig-Fusion Proteins.
These procedures were performed essentially as described (36, 37) . Brain membrane extract was precleared by incubation (2 h at 4°C) with glutathione agarose and incubated overnight at 4°C with immobilized GST-CAPPD on glutathione agarose beads preequilibrated with buffer B. Beads were washed with buffer B and were serially eluted with 2 ml of buffer B containing 0.3 M NaCl, 0.5 M NaCl, 1.0 M NaCl, or 1.0 M NaCl, 10 mM EGTA, and 5 mM EDTA (instead of 2 mM CaCl 2 ). Eluted proteins were analyzed by SDS͞PAGE and Coomassie blue staining. Bound proteins were identified by liquid chromatography͞MS of tryptic fragments. For pull-down assays, the medium from COS cells transfected with pcDNA4-His͞myc-F spondin or pcDNA-His͞ myc-Mindin (collected 48-72 h posttransfection) was adjusted to (final concentrations) 10 mM Hepes-NaOH, pH 7.4͞1 mM EGTA͞1% Triton X-100, proteinase inhibitors were added, and the supernatant was precleared. The treated medium was then incubated overnight at 4°C with GST or GST-CAPPD immobilized on glutathione agarose or with various Ig-APP fusion proteins immobilized on protein-A Sepharose. Glutathione agarose or Protein A beads were washed four to five times with buffer B, and were examined by SDS͞PAGE and immunoblotting. COS cells that were transfected with pCMV-APP, pCMV-APP⌬1, pCMV-APP⌬2, or pCMV-APLPs were harvested in PBS 48 h posttransfection, membrane proteins were solubilized in buffer B, and the cell lysate was incubated overnight at 4°C with Protein A-Sepharose containing Ig-F spondins, Ig-Mindin, or Ig-C fusion protein. Protein A beads were washed with buffer B four to five times, and resuspended in SDS͞PAGE sample buffer.
APP Cleavage in Transfected Cells by BACE 1. HEK293 cells were cotransfected in 12-well plates by using FuGENE reagent with APP alone, APP with BACE1, or combinations of APP and BACE1 with Ig-F spondin or Ig-C. APP fragments were examined by immunoblotting and quantitated by using 125 I-labeled secondary antibodies (Amersham Pharmacia, Piscataway, NJ) with PhosphorImager (Molecular Dynamics) detection (38) .
Transactivation Assays. HEK293 cells were cotransfected in 12-well plates by using Lipofectamine 2000 with pCMV-APP, pCMV-Tip60, pCMV-Fe65, and reporter plasmids pG5E1B-luc and pCMV-LacZ alone, or with Ig-F spondin, or Ig-neurexin 1␤ (Ig-N1␤), or Ig-Mindin, or Ig-SynCAM, or Ig-N1␤-3 or Ig-N1␣-1, or Ig-C. Transactivation assays were performed as described (7, 39) . The luciferase activity was standardized by the ␤-galactosidase activity as a control for transfection efficiency.
Results
Identification of F-spondin as a Potential APP Ligand. To search for APP ligands, we produced a recombinant GST-fusion protein containing the CAPPD of APP (Fig. 1A) . Because the CAPPD has no cysteines, it lacks disulfide bonds and can be produced in bacteria. We used the CAPPD-GST fusion protein immobilized on glutathione-Sepharose for affinity chromatography experiments with membrane proteins that were solubilized from rat brain with 1% Triton X-100, and used immobilized GST as a negative control (data not shown). We eluted bound proteins with high salt, and identified by MS F-spondin as a major component of the proteins bound to CAPPD.
F-spondin is a secreted glycoprotein that contains an Nterminal reelin domain, a central F-spondin-specific sequence, and C-terminal thrombospondin domains (see Fig. 2A ), and may function in axonal path finding, cell-cell interactions, and neural regeneration (27) (28) (29) (30) (31) (32) (33) . To confirm the potential interaction of F-spondin with APP, we produced in transfected COS cells a fusion protein of the Fc-region of human Ig with the complete extracellular sequence of APP (Ig-APP.1; Fig. 1 A) . We tested whether the purified Ig-APP fusion protein, immobilized on protein A-Sepharose, could pull down myc-tagged full-length F-spondin that was also produced in transfected COS cells (Fig.  1B) . As a control, we used an Ig-fusion protein that contains only a few N-terminal residues of neurexin 1␣ as an irrelevant control, in addition to the Ig moiety (Ig-C; Fig. 1 A) . We examined binding of recombinant secreted F-spondin to the immobilized Ig-APP fusion protein in the presence and absence of Ca 2ϩ , because many extracellular binding domains are stabilized by structural Ca 2ϩ binding. We found that only Ig-APP but not Ig-C captured F-spondin, and that F-spondin was only bound in the presence of Ca 2ϩ (Fig. 1B) . We next investigated whether an Ig-fusion protein that includes only the N-terminal domains of APP (Ig-APP.2) also captures F-spondin (Fig. 1B) , but detected no binding. However, when we tested the isolated CAPPD, immobilized as a bacterially expressed GST-fusion protein, we confirmed APP binding to F-spondin in a Ca 2ϩ -dependent manner similar to the Ig-fusion protein containing the full-length extracellular sequences of APP (Fig. 1B) .
To validate the interaction of F-spondin with APP, we tested whether immobilized F-spondin can capture APP. We constructed a series of F-spondin Ig-fusion proteins that include different parts of F-spondin (Fig. 2 A) , and performed pulldowns of recombinant full-length APP 695 expressed in COS cells (Fig.  2B ) or of endogenous brain APP (data not shown). We found that immobilized F-spondin specifically retained recombinant and native brain APP, and that the N-terminal reelin domain and the central spondin-specific region of F-spondin were essential for binding APP, whereas the C-terminal thrombospondin repeats were not required (Fig. 2B) . We then examined the specificity of APP binding by Fspondin. Expression of deletion constructs of APP revealed that deletion of the N-terminal cysteine-rich growth-factor-like domain (CRD; APP⌬1) did not abolish binding, whereas a partial deletion of the CAPPD (APP⌬2) blocked binding (Fig. 2C) . APP is closely related to APLP1 and 2 (15) (16) (17) (18) , and the CAPPD is particularly well conserved among these proteins. If binding of F-spondin to APP was specific, one would expect the APLPs also to bind. Indeed, all three proteins were similarly captured by immobilized F-spondin (Fig. 2D) . Viewed together, these findings indicate that the CAPPD of APP directly binds to F-spondin.
A protein related to F-spondin called Mindin has recently been characterized (32) . Mindin contains a spondin-like sequence and a single thrombospondin repeat, but lacks a reelin domain (Fig. 3A) . To test whether Mindin might bind to APP, we performed experiments similar to those described in Figs. 1 and 2 with myc-tagged Mindin (Fig. 3B) or with a Ig-Mindin fusion protein (Fig. 3C) . In contrast to F-spondin, we did not observe Mindin binding in either assay configuration, suggesting that Mindin does not bind to APP. A key feature of APP is that it is digested by ␣-and ␤-secretases that cleave APP at a site C-terminal of the CAPPD (Fig. 1 A) . To test whether binding of F-spondin alters APP cleavage, we cotransfected BACE 1, the enzyme that mediates ␤-secretase activity (40) (41) (42) , with APP. When we transfected only APP into HEK293 cells and analyzed APP cleavage by immunoblotting with an antibody to its C-terminal cytoplasmic tail, we could barely detect CTFs at a low steady-state level (Fig. 4A, lanes 1-3; experiments are carried out in triplicate for quantifications). However, when we cotransfected BACE 1 with APP, the steadystate level of CTFs dramatically increased (lanes 4-6). After BACE 1 cleavage, we observed two closely migrating CTFs on SDS͞PAGE that may correspond to the two major BACE 1 cleavage sites in APP (41, 42) . When we cotransfected Ig-C together with APP and BACE 1, we found a small decrease in both APP and the CTFs (Fig. 3A, lanes 7-9) , probably because cotransfection of a third plasmid dilutes the cellular transcription͞translation machinery. However, when we cotransfected full-length Ig-F spondin fusion protein with APP and BACE 1, we observed a dramatic decline in the level of CTFs, indicating that F-spondin inhibits BACE 1-dependent APP cleavage (lanes 10 -12). The decrease in CTFs by F-spondin was confirmed in quantitations of full-length APP and the CTFs in the transfected cells using 125 I-labeled secondary antibodies (Fig.  4B) . These measurements demonstrated that F-spondin decreased the CTFs of APP by Ϸ70 -80% (corrected for the amount of full-length APP present to control for cotransfection effects).
We next asked whether the effect of F-spondin on APP cleavage was dose-dependent. We performed similar transfection experiments with increasing amounts of F-spondin, and quantified the level of F-spondin protein in addition to the levels of full-length APP proteins and of CTFs. As expected, transfection of increasing amounts of F-spondin plasmid led to a dose-dependent increase in F-spondin protein (Fig. 5A) . In addition, a moderate decrease in full-length APP was observed, presumably because of competition between transfected plasmids for transcription. Transfection of Ͻ0.25 g of F-spondin plasmid inhibited CTF production Ϸ75%, but had Ͻ20% effect on APP levels (Fig. 5A) . Correcting the CTF levels for those of full-length APP confirmed that the drop in CTFs was not a simple reflection of the small decrease in APP, but was due to a large decline in APP cleavage by relatively low levels of F-spondin (Fig. 5B) .
F-spondin Impairs APP-Dependent Transactivation of Gal4-Tip60 Transcription. Previous studies (7) suggested that the AICD of APP functions in transcriptional activation by binding to the adaptor protein Fe65 that, in turn, binds to the chromosome remodeling factor Tip60. Unmodified APP strongly transactivates Gal4-Tip60-mediated transcription by a mechanism that depends on Fe65, probably because the AICD of APP (which binds to Fe65) is released by ␣-͞␤-and ␥-cleavage of APP and cooperates with Fe65 in transcription. To test whether F-spondin alters the transcriptional activation mediated by APP as an additional, indirect assay for APP cleavage, we cotransfected increasing amounts of Ig-F spondin with a constant amount of APP and Fe65 into HEK293 cells (Fig. 6A) . We found that APP alone greatly stimulated Gal4-Tip60-dependent transactivation as expected (7), but that even low amounts of cotransfected F-spondin plasmid (Ͻ100 ng) inhibited transactivation, consistent with an inhibition of cleavage by F-spondin.
We next investigated the specificity of this inhibition. We cotransfected small amounts of plasmids (50 ng of DNA) encoding various unrelated Ig-fusion proteins (Ig-C, Ig-F spondin, Ig-Mindin, Ig-SynCAM, and three different Igneurexins) with Gal4-Tip60 and Fe65, and measured the relative level of transactivation by APP in the presence of these Ig-fusion proteins (Fig. 6B) . Ig-F spondin potently inhibited transactivation, whereas Ig-SynCAM, Ig-N1␤-1, and Ig-N1␤-3 produced no inhibition of transactivation, and Ig-Mindin and Ig-N1␣-1 caused an intermediate degree of inhibition. The intermediate inhibition of transactivation caused by Ig-Mindin and Ig-N1␣-1, although significantly less than the inhibition mediated by Fspondin, raised the possibility that the F-spondin-dependent inhibition in this assay is not specific, but is an indirect effect. Ig-SynCAM, Ig-N1␤-1, and Ig-N1␤-3 may have been unable to 6 . Effect of F-spondin on APP-dependent transactivation of Gal4-Tip60-mediated transcription. (A) F-spondin inhibits APP-dependent transactivation. A constant amount of Gal4-Tip60, Fe65, and APP was cotransfected with increasing amounts of Ig-F spondin. Note that, without F-spondin, APP causes a strong stimulation of Gal4-Tip60-dependent transcription as described (7). F-spondin dramatically inhibits APP-dependent transactivation of transcription by Gal4-Tip60, such that even low concentrations of F-spondin (Ͻ100 ng of transfected plasmid) almost completely block the response. (B) Comparison of the effects of multiple Ig-fusion proteins on the APP-dependent transactivation of Gal4-Tip60. All proteins were expressed with 50 ng of cotransfected plasmids. (C) Increasing concentrations of APP are unable to rescue the F-spondin-dependent inhibition of APP-dependent transactivation of Gal4-Tip60. Constant amounts of Gal4-Tip60, Fe65, and Ig-C, Ig-N1␤-1, or Ig-F spondin were cotransfected with increasing concentrations of APP. The bellshaped dose-response curve under control conditions as reported (7) is probably due to dilution of transcription factors by increasing amounts of APP. Nevertheless, even at high concentrations of APP, F-spondin induces a relative inhibition of transactivation.
inhibit because they were expressed in the wrong ratio with APP. To address this possibility, we cotransfected increasing amounts of APP with a constant amount of Fe65 and of either Ig-C, Ig-N1␤-1, or Ig-F spondin. The design of this experiment aimed to control for potential nonspecific effects of the Ig moiety in the Ig-F spondin fusion protein, or for trafficking effects induced by expressing a neuronal cell-surface protein. Increasing concentrations of APP were tested to account for the possibility that a protein did not truly inhibit transactivation, but simply shifted the requirement for APP. Indeed, in the presence of Ig-C, APP potentiated transcription in a bell-shaped dose-response curve (Fig. 6C) as described (7). This bell-shaped dose-response curve is probably due to the fact that high concentrations of APP are less efficient in stimulating transcription because the overexpressed APP dilutes out expression of the other components. Ig-F spondin greatly inhibited transactivation at all APP levels, whereas Ig-N1␤-1 had no effect (Fig. 6C ). Together these data are consistent with the notion that F-spondin, by binding to the extracellular CAPPD of APP, inhibits APP processing and thereby impairs transcriptional transactivation.
Discussion
We report that F-spondin, a secreted protein that is thought to function in brain development and neuronal repair (26) (27) (28) (29) (30) (31) (32) , can bind to the conserved CAPPD, and we show that F-spondin binding can control cleavage of APP by BACE 1, which cleaves APP C-terminal to the CAPPD. The evidence for these conclusions is based on four principal findings: (i) F-spondin is efficiently captured by Ig-and GST-fusion proteins of APP (Fig.  1) ; (ii) APP is affinity-purified on immobilized Ig-F spondin fusion proteins (Fig. 2) ; (iii) coexpression of Ig-F spondin with APP and BACE 1 inhibits cleavage of APP in a dose-dependent manner (Figs. 4 and 5) ; and (iv) cotransfection of Ig-F spondin impairs APP-dependent transactivation of transcription mediated by Gal4-Tip60 (Fig. 6) . As controls, we show that APP does not bind to other proteins, including an Ig-fusion protein of Mindin that contains a subset of domains present in F-spondin (Fig. 3) . Our data only addressed BACE 1-dependent APP cleavage directly, but it seems likely that ␣-secretase-dependent cleavage is also suppressed by F-spondin, because F-spondin inhibited APP-dependent transactivation in tissue culture cells, whereas most APP cleavage is likely mediated by ␣-secretase.
F-spondin is a secreted neuronal glycoprotein that was identified by subtractive hybridization, because F-spondin is abundantly expressed in the floor plate during spinal cord development (27) . Neuronal expression of F-spondin appears to be high during embryonic development but diminishes after birth (31) . Multiple developmental roles for F-spondin were shown. Recombinant F-spondin promotes neurite outgrowth (27) , and endogenous F-spondin is involved in axonal path finding (28) . In addition, F-spondin inhibits adhesion of neural crest cells to the extracellular matrix (30) . In adult animals, axotomy of sciatic nerve causes a large increase in F-spondin expression distal to the lesion (31), suggesting a possible function for F-spondin in neuronal regeneration. F-spondin is also widely expressed outside of the brain (31). F-spondin was purified based on an in vitro assay as a vascular smooth muscle growth promoting factor that stimulates the growth of smooth muscle cells (32) . Furthermore, F-spondin inhibits adhesion of endothelial cells to the extracellular matrix, and impairs endothelial cell migration (33) . Also, when injected into the rat cornea, F-spondin impaired neovascularization (33) . Together, these data suggest that F-spondin is a secreted extracellular matrix component that inhibits adhesion of several cell types, including neurons, may have a role in axonal path finding, and could be involved in injury repair in adult brain. The properties of F-spondin, especially its wide tissue distribution, up-regulation by nerve dissection, and secretion as a glycoprotein, are consistent with a functional interaction with APP and APLPs, which are also ubiquitously expressed extracellular proteins that have been implicated in similar processes (1) (2) (3) (4) . Despite considerable effort, the in vivo roles of F-spondin (and also of APP and APLPs) in brain and in peripheral tissues remain unclear. F-spondin has not been localized by immunocytochemistry, and no binding partners for F-spondin (apart from APP͞APLPs reported here) have been identified. Moreover, no genetic model incorporating F-spondin mutations exist.
Our results show that F-spondin is a potential ligand for APP. Although we used several strategies to analyze the interaction of F-spondin with APP, our observations are subject to limitations that need to be considered. The data are based on in vitro binding reactions and transfected cells, and do not describe a physiological complex between endogenous APP and F-spondin. The significance of the F-spondin͞APP complex will have to be tested in genetically modified animals, such as knockout and͞or knock-in mice in which F-spondin and APP are altered. However, the fact that F-spondin binds to APLP1 and APLP2 (Fig.  2D) , which exhibit functional redundancy with APP (23, 24) , supports the notion that F-spondin binding performs a biologically significant role. In addition, Mindin was shown not to bind to APP although it is related protein to F-spondin, and also contains spondin domains and one thrombospondin repeat, but lacks the reelin domain.
Ligands for the extracellular domains of APP could have several functions: they regulate cleavage, act as receptors for the cleaved and secreted extracellular fragment (APP S ), or mediate cell adhesion by attaching uncleaved cell-surface APP to another cell or the extracellular matrix. F-spondin selectively binds to the CAPPD of APP, suggesting that other domains of APP, especially the N-terminal CRD, could interact with other ligands. Furthermore, the developmental dynamics of F-spondin and APP appear to be different, raising the possibility that the CAPPD has also additional ligands. We report that F-spondin impairs APP cleavage and directly affects the transcriptional signal by APP. Coexpression of F-spondin with APP and BACE 1 inhibited the production of CTFs, thus indicating that Fspondin inhibits BACE 1-dependent APP cleavage. These experiments were independently confirmed with transactivation assays to assess the specificity for APP cleavage. We document that Ig-F spondin fusion protein inhibited transactivation consistent with an inhibition of cleavage by F-spondin in comparison to other cell-surface proteins that did not alter APP-dependent transactivation (Fig. 6) . However, it is unclear whether APP binding and the effect on APP cleavage by F-spondin occur on the cell surface with extracellularly derived F-spondin, or during secretory transport in secretory vesicles. In the first case, Fspondin would be a paracrine agent, and in the second, an autocrine agent. Both scenarios do not exclude biological significance and cannot be evaluated until the physiological importance of APP cleavage is known. At this point, the biological significance of BACE 1 cleavage is obscure, given the finding that the BACE 1 knockout mice do not have an immediately obvious phenotype (43, 44) . It should also be noted that inhibition of APP cleavage by F-spondin could represent an epiphenomenon, and that the real function of the F-spondin͞ APP interaction is a signaling role on the cell surface. It is possible, for example, that APP acts as a receptor for F-spondin, which mediates the inhibition of cell adhesion to substratum observed for recombinant F-spondin (30, 33) .
Although the physiological significance of F-spondin binding to APP remains unclear, the potent effect of F-spondin on APP cleavage demonstrates that APP cleavage can in principle be regulated by ligands that bind to the CAPPD. It is unclear whether F-spondin binding to the CAPPD inhibits cleavage sterically, or whether F-spondin binding causes an allosteric change or an alteration of APP trafficking. Independent of the mechanism of inhibition, however, compounds binding to the
